
m Fermi National Accelerator Laboratory 

FN-406 
1100.700 
(Submitted to Health Physics) 

RADIATION MEASUREMENTS IN A LABYRINTH PENETRATION 
AT A HIGtl ENEHGY PROTON ACCELERATOR 

J. 0. Cossairt, J. G. Couch, A. J. Elwyn, and W. S. Freemk 

July 1984 

0 Operated by UnlvwNlo~ Research Ar~oci~tlon Inc. undw contract with the United States Oepwtmont 01 Energy 



RADIATION MEASUREMENTS IN A LABYRINTH PENETRATION 
AT A HIGH ENERGY PROTaN ACCELERATOR 

J.D.Cossairt, J.G.Couch. A.J.Elwyn, and W.S.Freeman 
Fermi National Accelerator Laboratory* 

Batavia, Illinois 60510 USA 

ABSTRACT 

The efficient design of access penetrations at high energy proton 

accelerators is desirable for both economic and personnel protection reasons. 

This paper reports on a series of measurements made in a personnel access 

labyrinth which viewed an aluminum target bombarded by 400 GeV protons from 

the Fermilab Tevatron. Measurements of a.bsorbed dose rates i.n the labyrinth 

using tissue equivalent ion chambers were consistent with theoretical 

predictions of both the relative attenuation through the penetration and the 

absolute magnitude near the target. The multisphere technique was used to 

determine the neutron energy spectrum in one section of the labyrinth. A 

recombination chamber was used to measure the quality factor of the radiation 

field in two sections of the labyrinth. Good agreement with the quality 

factor deduced from the multisphere result was obtained at the same 

measurement location. 

*Operated by Universities Research Association, Inc. under contract with the 
U.S.Department of Energy. 
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1. Introduction 

Compared with other aspects of the design of shielding of high energy 

accelerators, the radiation fields in access penetrations have received rather 

scant attention in the published literature, particularly for multihundred GeV 

proton accelerators. A summary of the work prior to 1973 is given in the 

classic text of Patterson and Thomas (Pa73). Two other older references are 

those of Stevenson and Squler (St731 and Collon and Awschalom (Go71). More 

recently, Tesch has found empirical formulae which describe existing 

measurements of attenuation of dose equivalent by labyrinths quite,uell 

(Te82). The present work discusses measurement9 made in a particular 

labyrinth at Fermilab. 

2. Geometry OF the Access Penetration Under Study 

Figure 1 shows the geometry of the labyrinth which is made of four 

straight zect Lens (“legs”). For these legs, coordinar.en ri are defined as 

shown. Leg 1 is buried under an earth shield while legs 2,3 and 4 are made of 

concrete shielding blocks. Leg 4 (outdoors) has no roof. An extracted beam 

of 400 GeV protons from the Fermilab Tevatron was centered on an aluminum 

target of square cross section (0.15 m x 0.15 m) by 0.3 m long (roughly a 

collision length for high energy protons). The beam of protons and high 

energy reaction products continued in a 0.9 m diameter vacuum pipe (not shown 

in Figure 1) 76 meters past the target without further interactions. Emerging 

from the aluminum vacuum box lid (0.025 m thick) were neutron9 and photons 

produced at large angles.relative to the incident proton beam or scattered 
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from the walls of the vacuum chamber. A secondary emission monitor (SEM), 

accurate to about + 51 was used to measure the proton beam lntenslty 

(typically 2 x 10” during a 15 set beam spill) delivered to the target once 

every 39 sec. The Gaussian beam profile had a full width at half maximum of 

1.4 cm in both transverse coordinates. 

3. Absorbed Dose Rate Measurements and Predictions 

Tissue equivalent iOn chambers of Fermllab design and calibration, placed 

near the center of the enclosure at a nominal height oP 1.2 m above the floor, 

were used to measure the absorbed dose rate at a number of locations in the 

labyrinth. Data from as many as 91x locations throughout the labyrinth were 

taken simultaneously by reading out current digitizers (one pulse/O.5 urad) on 

scalers. For one set of measurements a bending magnet was used to move the 

beam across the target, and thus vary the intensity striking it by a Pactor of 

about 100 using the spatial profile of the beam. During this scan, the 

.*esponses of the detector9 rul&ive to each other wera c:r.stant to rrit.hin 

about 10 per cent, veriPying the linearity over this dynamic range. The 

measurements of absorbed dose are shown as the solid circles in Figure 2 where 

the error bars indicate systematic uncertainties traceable to various 

nonreproducibilities of the beam targetry. 

It is, of course, desirable to be able to reliably predict these absorbed 

dose rates. Collon and Awschalom (Co711 have reported a number of Monte-Carlo 

calculations of labyrinth attenuation using the albedo program ZEUS of 

F.Gervalse and M.-M’; d’Hombres (Ce68, dH68). In this program monoenergetic 



neutrons (3 or 4 MeV) were scattered at random angles from the walls of 

“typical” labyrinths using dose albedo parameters of Maerker and Muckenthaler 

(Ma65). The dashed curve in Figure 2 was obtained by applying these results 

to the labyrinth at hand and arbitrarily normalizing to the measured absorbed 

dose rate at r, - 1.98 m, the “mouth” of the first leg, where the beam 

enclosure narrows down to the passageway. Agreement between this calculation 

and the measurements is quite good; the disagreement is only a factor oP three 

at the end of leg 4. This arises for the most part in leg 3 and may be due to 

the fact that the very short second leg barely occludes the source. 

Teach (Te82) presents two empirical formulae which describe existing data 

of the attenuation of dose equivalent in labyrinths. One is appropriate for 

describing the attenuation in a labyrinth section which is directly exposed to 

the source. It is an inverse square law dependence which Teach determined Is 

adequate, if suitably normalized, even if scattering from the walls is taken 

into account, and is restated here as Eq (1): 

H(r, 1 - 2 Ho(a)a2r, -2 (1) 

In this expression, H(r,) is the dose equivalent rate at coordinate r, in the 

first leg, a is the distance Prom the source to the mouth of the first SeCtiOn 

(here a - 1.98 m). and Ho(a) is the calculated dose equivalent rate at 

distance a from a point source of given strength. The factor of two 

represents an estimate of the contribution of wall scattering to.the total 

dose equivalent at r,. Fdr the attenuation of successive legs (i>l), Teach 

presents a simple sum of two exponentials, 
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H(ri) - 
Cexp(-ri/0.45)+ 0.022 Al ‘*3 exp(-ri/2.35)3 

[l + 0.022 Ai le3] 

(2) 

where A. 1 is the cross sectional area of the enclosure in m2 and ri is in 
. 

meters. 

In the present work, the PaCtOr of 2 in Eq.(l) was replaced by correction 

factors for scattering Prom the floor, walls, and ceiling of leg 1 according 

to the recipe of Jenkins (Je80). This modification increased the calculated 

dose rate by about 10 percent at the end of the first leg (at r, - 7.48 m). 

Eq. (2) was used for legs 2 through 4 without modification. It is implicitly 

assumed that attenuation of absorbed dose mimics that of the dose equivalent. 

The solip curve in Figure 2 shows the attenuation calculated according to 

these formulae (again normalized to the measurements at r, - 1.98 m). It was 

assuned that the first leg behaves the same as a leg directly viewing the 

source (the aluminum targei), an approxiwat:on since the target was beniat:? 

the floor of the enclosure. Agreement of these formulae both with predictions 

taken Prom (Co71) and with the measurements is quite good, considering their 

simplicity. To test for deviations Prom an inverse square law dependence in 

the first leg, r, 2D (where D is the absorbed dose rate) is plotted as a 

function of r, in Figure 3. The data is adequately described by a horizontal 

line indicative of an inverse square dependence. 
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The Monte-Carlo hadronic cascade program CASIM (Va75) was used to 

calculate the absorbed dose rates above the source by determining the specific 

energy deposition in a water phantom. This code has been successfully tested 

experimentally for both thick and thin shields (Aw76, Co82). A prediction of 

the absorbed dose rate directly above the vacuum chamber lid, centered over 

the target, is indicated on Figure 2. Also, a calculation of the area1 

integral of the absorbed dose rate over the lid is compared with the data in 

Figure 3. For both calculations the indicated errors are representative of 

the statistics of the Monte-Carlo procedure. The results are in good 

agreement with the present measurements. 

4. Neutron Energy Spectrum Measurement Using the Mullsphere Technique 

a) Experimental Method 

The multisphere technique (Br60, ~u84) was used to obtain information on 

the neutron spectrum at r2 = 1,.23 m. Neutrons were moderated by polyethylene 

spheres of several radii (r - 2.54, 3.81, 6.35, 10.2, 12.7, and 15.2 cm). 

6LiI(Eu) scintillators , sensitive to thermal neutrons through the 5~i(n,a)t 

(Q-value - 4.78 MeV) reaction, were placed at the center of the moderating 

spheres and inserted two at a time into the labyrinth. A measurement was SlSO 

W&with a bare (unmoderated) scintillator. The 6LiI(Eu) crystal (8 mm diam. 

by 8 mm long) was embedded in a small amount of plastic scintillator (12.7 mm 

by 12.7 mm), and the light output Prom both was viewed by a single 

photomultiplier tube. This phoswich detector has been described previously by 

Awschalom (Aw73). Fast..pulses (2-3 nsec) Prom the plastic scintillator were 
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separated Prom the slow (l-2 u3ec) pulses OP the 6LiI(Eu) by passive filtering 

at the phototube output. Standard pulse-processing electronics were used to 

accumulate a spectrum of all slow pulses in anti-coincidence with Past 

signals. This method rejects events due to the passage OP charged particles 

(e.g.. muons) through the 6LiI(Eu), reducing the background. A portion of a 

typical pulse-height spectrum oP accepted events near the 4.78 MeV thermal 

capture peak is shown in the insert of Figure 4. 

The detectors were gated on only during the 15 second beam spills, and a 

tissue equivalent ionization chamber located at r, - 7.4 m provided the 

relative nomalization. Spill-to-spill variations in the normalized counts 

were less that 25, and data was accumulated for five beam spills per sphere. 

The Pilled circles in Figure 4 are the results based on measurements Por each 

sphere. The open circles and crosses are calculated results for two different 

assumed neutron spectra discussed below. 

b) Spectrum Unfolding 

Multisphere spectrum-unfolding techniques have been discussed by many 

authors (Ob81, Ch83, Ob83, Gr73. Au841 and we only summarize this problem 

here. The counting rate Cr of a thermal neutron detector at the center oP a 

spherical moderator oP radius r is given by 

I 

cg 
cr - dN R (E)dE 

dEr 
0 

(3) 
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Given Cr and Fir(E) the problem is to find dN/dE. In practice, one uses a 

discrete approximation to Eq. (3) by converting the integral to a sum, 

C 
dN = 

r s Rx (.gi)A~i , 
i 

where (dN/dgi) is the differential neutron energy flux for the ith energy 

group. The response PunctiOns Rr(Ei) are obtained by separate calculations. 

We have used those of Sanna (Sa73) appropriate for our 8 mm x 8 mm LiI(Eu) 

crystals and modified for polyethylene spheres oP density 0.92 g/cm3. The Cr 

values are proportional to the measured quantities shown in Figure 4. 

As is well known, the spectrum unfolding problem has inherent 

difficulties, due to its underdetermined and sometimes ill-conditioned nature 

(G-73, Ch83). The Pormer manifests itself as more than one solution spectrum 

that describes the data equally well. while the latter implies that small 

uncertainties in the data or response i’unctions may translate into large 

uncertainties in the unfolded spectrum. 

We have chosen to use the Monte Carlo code SWIFT (0881) to derive 

possible neutron spectra that reproduce the data in Figure 4, rather than the 

iterative techniques that are often employed (Gr73). The Monte Carlo method 

allows a broad sampling oP possible neutron spectra with no a prlprl 

assumptions about the character of the spectrum (other than its positivity). 
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Figure 5 displays the unfolded spectrum that was obtained Prom a 

bin-by-bin averaging oP the Pour spectra that best described the data. A 

total of 9.3 x lo6 sample spectra were generated in order to obtain this 

result. The error bars represent the standard deviation in the spectrum 

values obtained Prom the averaging procedure. Note that the energy scale 

(abscissa) is logarithmic and the ordinate is dN/d(log E). Such a plot has 

the advantage that it preserves the relative area representation oP the 

spectrum (IC69. Ro83). Thus, visual integration OP the area under the curve 

Por each energy bin is possible, and this area is proportional to the neutron 

Pluence within that bin. 

The characteristic feature of the unfolded spectrum is that 72% of the 

total neutron Pluence is within the “thermal” or lowest energy bin. While the 
. 

fraction within the thermal bin seems to be well determined, the distribution 

of the remaining Pluence is highly uncertain. 

It is not surprising that :he spectrum in the second leg of the labyrinth 

is dominated by thermal neutrons, because of the multiple scattering that must 

take place in order to reach the detector. However, it is also clear that 

non-thermal (>0.4 eV) neutrons are present. The open circles in Fig.4 

represent calculated ball counts if 100% of the Pluence was assumed to be in 

the thermal bin. The deviations between the calculated and measured points 

are much greater than the statistical errors associated with the data ( 251. 

In contrast, the calculated ball counts for the unfolded average spectrum 

(crosses) agree to better than 6% with the data. Finally, we note that the 

calculated quality f&ctor of the unfolded spectrum is 3.1 L 0.7. 
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5. Quality Factor Measurements Using a Recombination Chamber 

The use of columnar recombination to measure the quality factor (QF) of 

mixed fields of radiation has been described by Sullivan and Baarli (~~63) and 

summarized by Patterson and Thomas (Pa73). Measurements were done at two 

locations in this labyrinth; near the end of the Pirst leg, (r, - 7.4 m) and 

in the middle of the second leg (r2 = 0.85 m). To determine the quality 

factor in this manner, the response of a commercial high pressure ion chamber 

specifically designed for this purpose (REM-2 Chamber ZZIJJ “Polontl Radiation 

Dosimetry Instrument Division, Bydgoszcz, Poland) was measured over its 

operating voltage range is1200 volts). According to Sulli-van and Baarli 

(Su63), the Pollowing equation will describe the response Punction of such a 

chamber 

I = kVN, (5) 

where I is the measured current or charge collected at the anode at chamber 

potential V (using some appropriate means of normalization) and k is a 

constant oP proportionality dependent upon the chamber used. The exponent N 

depends upon the average LET of the radiation Pield and is thus correlated 

with the average quality factor. 
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In order to understand the response of the particular chamber used, the 

value of I as a function of V was measured in a variety of radiation fields 

having QF values ranging from unity ( 6oCo gamma rays) to 6.9 (238Pu-Be source, 

including the gamma ray component (~080)). For each set of data, the value of 

N was determined Prom Eq. (5) by the method of least squares. The 

relationship between N and QF is shown in Figure 6 along with both power law 

and linear Pits to these points. Both Pits miss the datum at QF-1. At these 

small values of QF, the change in the charge collected at the anode for a 

given change in the chamber potential becomes quite difficult to measure 

accurately because N in Eq. (5) is 30 Small. (Co84) describes measurements 

using this chamber in more detail. 

Figure 7 shows response functions measured in the first and second legs 

of the labyrinth (normalized to the absorbed dose measured by one of the ion 

chambers placed very near to the recombination chamber). The value of QF = 

5.5 + 0.6 Pound at r 
1 = 7.4 m agrees with expectations, since it is exposed to 

the relatively energetic neutron spectrum emerging Prom We source, while that 

obtained in the second leg (QF - 3.4 + 0.1) is consistent with the results _ 

obtained from the spectrum measurement described in Section 4. 

& Conclusions 

It is concluded that reasonable estimates of absorbed dose rate 

attenuation in personnel labyrinths for radiation protection purposes may be 

made using two different methods one of which involves simple empirical 

formulae. The use..oP a Monte Carlo cascade calculation to correctly predict 
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the absolute magnitude of these absorbed dose rates has been verified. The 

neutron energy spectrum obtained with the multisphere technique, even with the 

uncertainties inherent in the unfolding procedure, is still useful in the 

determination of the average quality factor. The value is in good agreement 

with that obtained using the recombination chamber. 

We would like to thank V.Frohne, S.Pordes, and L.Stutte for their help in 

obtaining these data. 
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FIGURE CAPTIONS 
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Figure 1 Plan and elevation views of the access labyrinth studied. 

Coordinates used in the text are ‘defined in this figure. 

Figure 2 Absorbed dose rate measurements and predictions plotted as a 

function of labyrinth coordinates. A Monte-Carlo prediction 

for the absorbed dose rate directly above the target is also 

shown. 

Figure 3 Absorbed dose rate in leg 1, D. multiplied by r,2 plotted as 

a function of r,. A Monte-Carlo calculation of the area1 

integral of absorbed dose rate over the vacuum DOX lid is 

also shown. 

Figure 4 Normalized counts from the phoswich detector for each 

spherical moderator. The solid points are the labyrinth 

data. The open circles represent calculated results 

assuming a purely thermal spectrum while the crosses are the 

results for the averaged spectrum unfolded using the code 

SWIFT. The solid and dashed curves are drawn to guide the 
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eye. The insert shows a typical gated spectrum of the pulse 

heights in the 6LiI(Eu). 

Figure 5 The unfolded neutron spectrum in the second labyrinth leg, 

plotted as fluence per unit of logarithmic interval. Error 

bars represent the uncertainty in the spectrum obtained from 

the averaging procedure described in the text. 

Figure 6 Recombination chamber measurements of the relationship, 

between N and PF using radioactive sources. Two different 

equations used to fit these data are plotted. 

Figure 7 Recombination chamber response functions measured at two 

different locations in the labyrinth. 
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